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The Higgs, Flavor and CP Violation in the SM

Lsm = Lgauge + 2010 — A(@T0)? + v, VLo

» Higgs mass parameter
quadratically sensitive to the cut-off: Ap? oc A2
— hierarchy problem

» quartic Higgs coupling
A becomes negative at large energies
— question of vacuum (meta)stability

» Yukawa couplings
only source of flavor violation
only source of CP violation (apart from the QCD 6 term)
unexplained hierarchical structure
— SM flavor puzzle
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Main Questions for this Talk

» To which extent are EDMs connected with Higgs
and Flavor physics in extensions of the SM?

» What can we learn about Flavor from EDMs?

» What can we learn about the Higgs from EDMs?
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Q Interplay of EDMs with Flavor Physics
@ Minimal Flavor Violation
@ Generic Flavor Violation

Q Interplay of EDMs with Higgs Physics
O Higgs CP properties at the LHC
@ Higgs CP properties and EDMs

@ Summary

Wolfgang Altmannshofer (Fermilab) EDMs, Higgs and Flavor Feb. 15, 2013 4/30



Interplay of EDMs with
Flavor Physics
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Sources of Flavor and CP Violation beyond the SM

Many extensions of the SM contain new sources of flavor and CP violation

@ Example: MSSM

mléé + mZWW + m3§§
+1FAuHg + BrHuHg
— 5 phases

— 15 flavor mixing angles + 15 phases
Ay HuQ[ Ug + Aq HgQ[Dr + A, HyL[Er
— 18 flavor mixing angles + 27 phases

2 phases can be rotated away...
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Sources of Flavor and CP Violation beyond the SM

Many extensions of the SM contain new sources of flavor and CP violation

@ Example: MSSM @ Example: 2HDM

mléé + mZWW + m3§§ s 2
. - V(Hz, Hz2) D Bu(HzH1) + 7 (HzHy)
+uHuHg + BuHuHg 2
— 5 phases —6(HzH1)HIHy — 2o (H2H1)HIH
— 4 phases
2 ATA 2091 (] 231 R
m QLQL + mUURUR + mDDRDR _ . _
¢ Yu H2QuUR + Vo HIQuUR
+Yg H1QDr + Y4 HJQLDR
+Yo Hil Er + YV, HIL Er
— 18 flavor mixing angles + 27 phases

— 15 flavor mixing angles + 15 phases
Ay HuQ[ Ug + Aq HgQ[Dr + A, HyL[Er
— 18 flavor mixing angles + 27 phases 2 phases can be rotated away...

2 phases can be rotated away...

» NP Flavor Problem, NP CP Problem
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Minimal Flavor Violation

» largest symmetry group that commutes with the SM gauge group

Gk = SU(3)q ® SU(3)y ® SU(3)p ® SU(3)L ® SU(3)e ® U(1)°
Minimal Flavor Violation
(Chivukula, Georgi '87; Hall, Randall '90; D’Ambrosio et al '02)

» the SM Yukawa couplings are the only spurions that break Gg

Ya=30x3u, Ya=30x3p , Yr=3Lx3k
» new sources of flavor violation are functions of the SM Yukawas
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@ MSsSM @ 2HDM

» expansion of the soft terms » expansion of the “wrong” Higgs

couplings
mg = M (11 +biYeY] +byYeY ]+
v vyt s bryey vy ] Yo = eYute,YuYYy
+baYa Y YaY] +b3YuY gy +) Ve b
m3 = @3 (L +ba¥ Yy +...)
m3 = m3 (n+ bsY] Yy + ) Voo = caYa+ejYa¥qYa+

. +eIYuY Yy + ...
Ay = Ay (11+ beYaY,] +brYuY,] + ) Yu diutu

Ag = Ag (11 +bgYuY] +boYq Y] + ) Y4

» Flavor Changing Neutral Currents naturally suppressed by
small CKM angles and/or small Yukawa couplings
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@ MSsSM @ 2HDM
» expansion of the soft terms » expansion of the “wrong” Higgs
couplings

mg = i} (11 +biYuY] +boYe Y+ )

Yu
+ baYaYdYuY{ +b3YuY]YaY{ + ..)

m3 = @3 (L +ba¥ Yy +...)
m3 =i (L +bsY{Ya +...)
A = A, (11 +beYaY] +brYuY] + ) Yu

Ag = Ay (11 +bgYuY] + boYqe Y] + ) Y4

my, Mz, M3, i, BN’

= aYu+eYuYivy
el YaY Y+

= caYq+ehYaY] Yy +
+eYuY Yy + ...

B, As, Ae; A7

» Flavor Changing Neutral Currents naturally suppressed by
small CKM angles and/or small Yukawa couplings

» many additional sources of CP violation are possible

Wolfgang Altmannshofer (Fermilab) EDMs, Higgs and Flavor

Feb. 15, 2013 8/30



EDMs vs FCNCs in MFV

Scales that are probed by flavor observables and EDMs in a generic MFV setup

@ neutral Kaon mixing
C - - C o i}
F(QLYUYJQL)(QLYUYJQL) — ﬁytﬂ' (VisVia)? (duyesd)(doy™s)

» proportional to small CKM elements
» constraint from ex (= CP violation in Kaon mixing), assuming C ~ 1

A > 5TeV
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EDMs vs FCNCs in MFV

Scales that are probed by flavor observables and EDMs in a generic MFV setup

@ neutral Kaon mixing

C = = Cc N2 T =

A2 QYWY QUO(QLYLYI QL) = 5w (VisVig)” (duwsi)(diy“st)
» proportional to small CKM elements
» constraint from ex (= CP violation in Kaon mixing), assuming C ~ 1

A > 5TeV

@ down quark EDM

C = c - ”
EH(QL oF YdDR) — ﬁmd (dLO';wF” dR)

» proportional to down quark mass

» constraint from neutron EDM, assuming C ~ 1 with O(1) phase

A > 50 TeV

Wolfgang Altmannshofer (Fermilab) EDMs, Higgs and Flavor Feb. 15, 2013 9/30



Example of an Exception

» MSSM with MFV and CP violation 107
only from higher order terms in the ‘
trilinear couplings 107
Au=A(L + bsYaY,] )Yy
2 107
or Ay =A(1+b7Y,YJ])Yy 2
— only 3rd generation feels CPV = 107
— FCNCs at lloop but EDMs at 2loop .
10
f f f .
> > > 10 ; ; : ‘ ’ :
VG 400 600 800 1000 1200 1400
0
A ;,"4'\ v msusy (GeV)
AN —» EDMs are under control
Tyt for TeV spectrum and O(1) phase
lLLL,_l’Y WA, Buras, Paradisi '08; Paradisi, Straub '09
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Correlations with Flavor Observables

1072810285 19-2819-27:5 19-271-26.5 126

» CPV 1loop contributionsto b — sy de| [ecm] [ NEE RN
1.0
F'd F'u ;‘g
bR SL 0.8
' A K
AN 4 0.6
t e tr

0.4

2
(e}
5’7 Ks

0.2

» sizable CP effects can be expected

in B physics 0.0 o0 o5 To
— direct CP asymmetry in B — Xsy Sok,
— time dependent CP asymmetries in

’

B— ¢KS’ B— n KS WA, Buras, Paradisi '08;

— CP asymmetriesinB — K*pp~ Barbieri, Lodone, Straub '11
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Correlations with Flavor Observables

200 400 600 800 1000

» CPV lloop contributionsto b — s m, [Gev][INEEN |

Hq Fy 1x107%
b s 5x10°%
Al A 1
S ’ .
. \_)‘(_,4_ € 1x10%
b R @ 5x107° )
", 5 J
9 S :
’ 1x10°%
5x10°%
» sizable CP effects can be expected
1x107%

in B physics 00 02 04 06 08 1.0
— direct CP asymmetry in B — Xsvy S, ks

n
— time dependent CP asymmetries in
’
B — ¢Ks, B = 7'Ks WA, Buras, Paradisi '08;

— CP asymmetries in B — K*ptu~ Barbieri, Lodone, Straub '11
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Another Example

2HDM with MFV and generic phases

— B mixing at tree level

LL"’-,_(’Y Buras, Isidori, Paradisi '10
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EDMs vs FCNCs with Generic Flavor Violation

Assume additional flavor spurions: e.g.  Xg = 8q, X{ = 8y, Xj = 8p
@ neutral Kaon mixing
C = - C - _
72 (QXqQU)(DrX4 Dr) = 5 (Xd)os (X )ss (duvusi)(drr"se)

» no suppression by small CKM elements
» constraint from e, assuming C(Xg)as(X&)as ~ 1 with O(1) phase

A >3 x10° TeV
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EDMs vs FCNCs with Generic Flavor Violation

Assume additional flavor spurions: e.g.  Xg = 8q, X{ = 8y, Xj = 8p
@ neutral Kaon mixing
C - - C - -
72 (QUXgQU)(BrXa DR) — 5 (X )as (X4 )as (divusi)(dry"'sr)
» no suppression by small CKM elements
» constraint from e, assuming C(Xg)as(X&)as ~ 1 with O(1) phase

A >3 x10° TeV

@ up quark EDM

C. . = c _ .
EH(QL oF XgYuXfUR) — Az (XDt (X)) (GLouF™* ur)

» proportional to the top quark mass due to flavor effects (“flavored EDMs”)
» constraint from neutron EDM, assuming C (X&) ut (X5 )w ~ 1 with O(1) phase

A > 5 x 10° TeV
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Concrete Example: SUSY Alignment Models (1)

2 2 LL c G G u
m3 = m3 (1 + o5") NNV
mg = Mg (L + 5;°) Gy M ka

2 = RR (65%)21 X X (6592
mp = Mp (L +65) 0 .

UrY Mg AC
» use flavor symmetries to align <« <« <
Ur g [¢] CL

new sources of flavor violation (4's)
with the SM Yukawas

» abelian alignment models predict
lower and upper bounds for squark
flavor mixing angles (Nir, Raz '02), e.g.

(65R)12 ~ A2 — 2%

» models are constructed such that
(85-)12 ~ 0, to avoid constraints

from K — K mixing
= (&2~ A

» masses of the left handed squarks
can be aligned either in the up or in
the down sector

» immediate consequence: _
Large NP effects in D° — D° mixing

. 2 (Nir, Seiberg '93)

Lt 5 ZA
(05 )12 ~ (d)12+ 2

2 ImME, oc Im [(65)21(65% s
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Concrete Example: SUSY Alignment Models (1)

» same flavor structures also lead

sl AT 7.

to a “flavored” up quark (C)EDM : SE= i
— 102 g

§ ; =

& i B

UR e =107 E: SN |

1 LTIR~ B G;ﬂ' = + :

Cha )12*{?)(0}7' (05)21 H —
m 10720 . S -
{3 = ——

LLLLLL% 9 S R

ni" Sy in%

d{® & mc Im [ St 21 5R 21] =

! ¢ (072107 » large CP violation in D° — D° mixing
in abelian flavor models implies

» chiral enhancement by m¢/my lower bounds on hadronic EDMs
» the up quark (C)EDM leads in (WA, Buras, Paradisi "10)
turn to EDMs e.g. of the neutron dn > 10~ e cm

and of mercury due > 10~ 30—30g cm
g ~
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Summary (1) N

EDMs and FCNCs are sensitive probes of
new CP and flavor violating sources at high scales

in MFV frameworks, EDMs are generically more sensitive to new
phases than flavor observables

in presence of flavor structures beyond MFV, “flavored” EDMs are
sensitive to very high scales (thousands of TeV!)

but Kaon mixing reaches even higher

in many concrete models, flavor observables and EDMs can be
correlated, details are highly model dependent

— info from flavor and EDM experiments is complementary

— possibility to distinguish models

EDMs, Higgs and Flavor Feb. 15, 2013



Interplay of EDMs with
Higgs Physics
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Higgs Couplings to SM Particles

couplings of a electrically neutral
spin O particle to SM particles

Sff

VSW,, W #

vSZ, 7"

1 W
KSF/L,/Z/'

1 LV
R SFuF!

1 ns
75GG’

+

iAf s » pure scalar S, (JP€ = 0++)

1 .

KAW,WW“’” » pure pseudoscalar A, (JP¢ = 0"7)
EAZ Zuw » the Higgs might be a mixture of
N scalar and pseudoscalar

1 .

~AF,, 2" .

A =cosa S +sina A

1 = v

SAF LY

1 - 14

~AG,,, G
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ATLAS-CONF-2012-169

%

« Data ATLAS Preliminary
[l Background 22" Hozz" 4l
o We ¢ T
ackground Z+jets,
D Signal (mH=125 GeV)

Y systunc.

Events/5 GeV
%

s=7TeV: [Ldt = 4.6 fb*
- JLdt=13.0 fb™

» the Higgs apparently couples to

Z bosons
pu=1.3° (ATLAS)
—0.4 150 200 . (G0
H — 0'80+0.35 (CMS) %’ DTCME‘plehmmnw‘ ﬁ=7Ye‘\4L=51~n‘l¢s‘=eD;::L=uzw¥
—0.28 8 1 B
» ZZ rate cannot distinguish 27 Eer=
between the operators e e 4
~ 100 ]
hz,z" , hZ,,2Z2" ;
sf

80 100 120 140 160 180
m, (GeV)

CMS-PAS-HIG-12-041

Feb. 15,

EDMSs, Higgs and Flavor

Wolfgang Altmannshofer (Fermilab)



ATLAS-CONF-2012-168

ATLAS Preliminary
}  Daias/B Weighted
—— Sig#Bkg Fit (m,=126.5 GeV)

3 weights / 2 GeV
"
Iy
8

~-a---- Bkg (4th order polynomial)

80|
» the Higgs apparently couples to P
phOtOﬂS . 20| E:BTE‘\LJ'Lm:lSA“HD’ ‘HQW ) )
+0.42 % M L +H-‘J/\Auu ““AE
pu=180"53% (ATLAS) § T T T
. W 100 110 120 130 140 150 mmlneo
H = 156 :t 043 (CMS) %2000? CMS Preliminary —4— SIB Weighted Data
. O1800 f5=7TeV,L=51f0" 788 e
» in the SM: W and top loops T S R e
G1600} :

» ~~ rate cannot distinguish
between the operators

hF,, FP | hF,,Frv

n | n n n 1 n
120 140
m,, (GeV)

CMS-PAS-HIG-12-015
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CP Properties from Higgs Rates

» couplings of a pure 0.0001
pseudoscalar 16-05

1e-06

% h (BWE“” n waWW)

1e-07

3 1e-08

» relative size of T eos

h—zz te-10

h — WW 1e-11
h— 9y o2 L

h—Z~

depend on one parameter b

» using measured h — ZZ and

h — ~~ rates as input leads to

predictions
Coleppa, Kumar, Logan '12;
Freitas, Schwaller '12

p(h — WW) ~ 0
u(h —Z~) ~ 170
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CP Properties from Higgs Rates

= . . . . 0.0001 r r r
T e ATLAS Preliminary E
E’ H-WW" _, evpvipvev (0/1 jets) E| 1e-05 \
2 5 Vs=8TeV: [Ldt=13b" -
] —— Obs. best fi 3 -
g 4 (] (; \f\ )\(fsl<“1 | 1e-06
o — Exp. best it m_ =125 GeV ] Y
n 3 — 2InA(W <1 E 1e-07
E ; %
2F E [0} 1e-08 WW*
1 E 3 =)
TS = E 1e-09
E e & 7z
I | | L, I I 1e-10
120 125 130 135 140 145 150
m, [GeV]
1e-11
1e-12 L
_ﬁ 60& CMS Preliminary - ! ed i -10 S
& s=7Tev L=501b" - - Medion Expected
5 50 Vs=8TeV L =52fb" Expected £ 16 E
= 2 Electron + muon channel$ W Expected £ 20
T 0 » pure pseudoscalar scenario is clearly
&, excluded by the data
Coleppa, Kumar, Logan '12;
920 15 130 185 10 145 150 Freitas, Schwaller '12
my (GeV)
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CP Properties from h — ZZ

ATLAS-CONF-2012-169

9045 T T T T
£ 04 ATLAS Preliminary  —pata 4
w H-zZ" . a Signal hypothesis
Ny o Dot T
5= 7Tev:fLat= a6 1 (m =125 Gev)
0.3 E:arevJLm:Ja.om‘ *‘]:ﬂ =0"
025t 3" - MELA

log(L(H /L))

» use angular distributions of the
leptons to distinguish between I —

scalar and pseudoscalar s %
20001~ — cusdam

hZ,Z" & hZ,,Z"

1500~

Generated experiments

1000~

» pure pseudoscalar coupling w I
to Z bosons is excluded at S I
99.7% (Atlas) / 97.6% (CMS) :

CMS-PAS-HIG-12-041
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CP Properties from h — ~~

» hFF and hFF contributions interfere in the angular distribution over
the angle between the photon polarizations

A(h = yv) ~ (Asy + Anee ) cOSO + A, ¢ Sind

r(h—~v)

Az
200 _ _ hFF
90 xcos(f—p) , tanp

Asm + Anrr
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CP Properties from h — ~~

» hFF and hFF contributions interfere in the angular distribution over
the angle between the photon polarizations

A(h = yv) ~ (Asy + Anee ) cOSO + A, ¢ Sind

r(h—~v)

Az
200 _ _ hFF
90 xcos(f—p) , tanp

Asm + Anrr

» if the photons convert into
electrons, the angle between v
the decay planes of the
electrons “remembers” the m a
angle between the photon
polarizations

Voloshin '12
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h — v~ and EDMs (I)

» CPVinh — ~y
strongly related to EDMs

Cv =
+z hFuF”

Wolfgang Altmannshofer (Fermilab) EDMs, Higgs and Flavor
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h — v~ and EDMs (I)

» CPVinh — ~y
strongly related to EDMs 3 i : :
= =]
Cv ~ N 25 F 2 i
el hF.LF" + yehee é’
2 |k S
Ihs
e e of
s =Y
%al:? 15 F <" ]
1 e -3
Ayv = 1TeV
05 F ]
d & Ny 0 : : :
R Iog 1073° 1072 1072 10727 107
€ 471' rnh de (e cm)
(adapted from McKeen, Pospelov, Ritz '12)

= possible effects of the hFF
operator in h — ~+ are highly

constrained by EDMs
EDMSs, Higgs and Flavor
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h — v~ and EDMs (Il)

» Assume that SM-like W boson and top loops are responsible for h — ~~
= EDMs give information about the couplings of the Higgs to light fermions

SM W and top loops in h — ~~
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h — v~ and EDMs (Il)

» Assume that SM-like W boson and top loops are responsible for h — ~~
= EDMs give information about the couplings of the Higgs to light fermions

SM W and top loopsinh —yy  + iy, hévse

N de _ 30 ye 1 miy _ 4 mg
e 8r2v [2 \m 9 \m?

= y.<2x10" ,  (compareto SM Yukawa coupling ys" ~ 3 x 10™°)
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Enhanced h — ~~ and EDMs (I)

» simple extensions of the SM that can
accommodate an enhanced h — ~~ rate:
— one generation of vector-like “leptons”

Y% X X©
Mo (MW One irreducible CP phase
YV me ¢ = Arg(mimgyy)

» can consider various
SU(2). and U(1) quantum numbers

hy

2
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Enhanced h — v~ and ED

» simple extensions of the SM that can
accommodate an enhanced h — ~~ rate:
— one generation of vector-like “leptons”

1:[)1 Qpc! X Xc Z

<]

_(m o One irreducible CP phase g
v me ¢ = Arg(mimeyy)

» can consider various
SU(2). and U(1) quantum numbers

» EDMSs set strong constraints on ¢

e e

Mg (GeV)

M, =

McKeen, Pospeloy, Ritz '12; Fan, Reece '13
WA, Bauer, Carena, in preparation
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Enhanced h — ~~ and EDMs (ll)

» another model:

charged vector-like
SU(2) singlet 1, 9°

+ scalar singlet S
that mixes with the Higgs

Wolfgang Altmannshofer (Fermilab) EDMs, Higgs and Flavor Feb. 15, 2013



Enhanced h — ~~ and EDMs (ll)

» another model:

charged vector-like
SU(2) singlet 1, 9°

+ scalar singlet S

that mixes with the Higgs

» EDMs o sin(26)(m3 — mZ)

e

A
h 0
Sy

e

~

s

0.5 F

2B00GeV I N

105 GeV

300 GeV YT
105Gev +

10—30

EDMSs, Higgs and Flavor

10—29

10—28

de (ecm)

10—27

McKeen, Pospelov, Ritz '12

10—26
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Flavor Violating Higgs Couplings and EDMs

» Consider flavor changing Higgs couplings:  Yg¢/ h ﬁ_fé + Yss h fﬁfR

€er e Ur up

TL TR L tr

de 1 m. . (m2 du 1 me . (mf
(;) —= 167‘(2|m(YeTYTe)m_ﬁf (m_ﬁ) (F —= 1671-2|m(YUtYm)m_ﬁf m_ﬁ

» EDMSs give bounds on imaginary parts of flavor changing Higgs couplings

IM(Ye,Yre)| < 1.1 x 1078 compare to YSMYSM ~ 3 % 1078
IM(YytYw)| < 4.4 x 1078 compare to YSMYSM ~ 8 x 107°

Blankenburg, Ellis, Isidori '12; Harnik, Kopp, Zupan '12
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Summary (ll)

EDMs give strong constraints on CP violation in h — ~~
(assuming SM like couplings of the Higgs to light fermions)

EDMs give constraints on
CP violating couplings of the Higgs to light fermions

models that can enhance the h — ~~ rate are often
strongly constrained by EDMs

also CP violation in flavor violating Higgs couplings can be
constrained by EDMs
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Summa Summarum I

» EDM « Flavor Interplay:

— flavor effects can boost the NP reach of EDMs
(“flavored EDMs")

— EDMs and flavor observables can give complementary
information on CP violation in NP models

» EDM ¢ Higgs Interplay:

— EDMs are highly sensitive to
CP violation in the Higgs sector

— opportunity to get indirect info on the
couplings of the Higgs to light fermions

EDMs, Higgs and Flavor Feb. 15, 2013
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